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Abstract 
The Warburton–Cooper–Eromanga basins of central–eastern Australia contain a number of 
reactivated fracture–fault networks that relate to a complex and poorly understood thermal and 
tectonic evolution. Authigenic illite was sampled from two prominent features of the Warburton–
Cooper basins: the Gidgealpa–Merrimelia–Innamicka Ridge, composed of anticlinal imbricate 
thrust fault blocks, and the synclinal Nappamerri Trough. These sample sets were investigated using 
a combination of clay mineralogical, trace element and stable isotope analyses to deduce the 
palaeofluid chemistry associated with past tectonothermal perturbations. The Nappamerri Trough 
hosts the highly radiogenic Big Lake Suite granite and part of Australia’s largest on-shore oil and 
gas reserves. Calculated fluid stable isotope values from the trough, in conjunction with calculated 
palaeotemperatures, indicate an influx of evolved high-latitudinal meteoric waters under an 
extremely high geothermal gradient (~100 °Ckm–1) and high water/rock ratios consistent with an 
extensional environment. Such high water/rock ratios resulted in intense alteration of the granite 
during which it underwent substantial enrichment in the heat-producing elements (HPE), 
  
particularly Th. This hydrothermal system is interpreted to result from continent-wide transmission 
of tensional stress originating from episodic rifting of the eastern Australian margin in the mid 
Cretaceous, as dated by Sm–Nd, Rb–Sr and Ar–Ar. The Gidgealpa–Merrimelia–Innamincka Ridge, 
by contrast, is marked by a lower, but still elevated, palaeogeothermal gradient (~42 °Ckm–1) and 
calculated fluid isotopic values compatible with evolved basinal fluids of meteoric origin under low 
water/rock ratio conditions. Distinct trace element compositions of residue and leachate aliquots 
further indicate two periods of fluid flow with unique chemical compositions. In light of previous 
geochronology, these events are interpreted as westward extensions of widespread crustal tensional 
stress that affected much of central and eastern Queensland in the Carboniferous and Late Triassic 
Integrated analyses of authigenic illite provide evidence for three periods of fluid flow and elevated 
thermal regime associated with regional tectonism during the Carboniferous, Late Triassic and 
Cretaceous. Our data further show that due to the extremely high geothermal gradient and 
water/rock ratios, Cretaceous fluid flow had profound effects on the surrounding geology, which 
may have formed/enhanced two of Australia’s most significant energy resources. 
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1. INTRODUCTION 
 
Rapid adjustments to intra-continental stress fields can perturb the thermal and 
fluid flow regimes of sedimentary basins, leading to the expulsion of basinal fluids (Kyser, 
2007). During the migration of tectonically-driven fluids along permeable fracture networks, 
fluid–rock interaction results in the precipitation of authigenic phases, including illite. Due to 
its composition, illite can be used for a number of geochronological and geochemical 
techniques (Clauer et al., 1993; Zwingmann et al., 1999; Uysal et al., 2000c; Uysal et al., 
2006; Verdel et al., 2012; Middleton et al., 2014). High magnification microscopy of illite 
may reveal paragenetic and morphological data pertinent to constraining fluid–rock 
interaction history (Reuter and Dallmeyer, 1987; Yau et al., 1987; Wilson et al., 2014). Stable 
isotopic analysis of authigenic clays can also determine fluid source, and by understanding 
typical variations in isotopic values, can constrain fluid evolution (Longstaffe, 2000). Trace 
element studies of authigenic clays have similarly proven useful in determining physico-
chemical conditions during fluid–rock interaction (Bau, 1991; Bau and Dulski, 1995; 
Zwingmann et al., 1999; Bau et al., 2003; Uysal and Golding, 2003). 
The Warburton–Cooper–Eromanga basins host one of Australia’s largest on-
shore petroleum reserves. Previous work by Deighton and Hill (1998) constrained maturation 
and expulsion of such reserves to the “mid Cretaceous”; however, the thermal regime 
responsible for such expulsion is not well constrained. These basins also host one of the most 
prospective hot dry-rock geothermal resources in world, which may stem from the presence 
of the highly radiogenic Big Lake Suite A-type granite (up to 144 ppm Th and 30 ppm U; 
Marshall, 2014). Early workers believed zircons to be the primary sink for heat-producing 
elements (HPE; K, Th and U) in the Big Lake Suite. Chemical and microscopic analyses have 
since shown some highly enriched areas to be deficient of zircons, due to intense 
  
hydrothermal alteration (Middleton, 2014). As such, the source and origin of the granite’s 
radiogenic nature is still unknown. Previous tectono-stratigraphic studies identified 
widespread reactivated fault–fracture networks pointing towards a complex, and poorly 
understood tectonic and thermal evolution that leaves >180 Ma of unrecorded basinal history 
(Apak et al., 1997; Sun, 1999; Mavromatidis, 2008). Such fracture networks would have 
acted as highly permeable conduits for hydrothermal fluid flow during past tectonothermal 
activity, which would have resulted in the precipitation of authigenic clays. Therefore, 
geochemical analysis of these authigenic phases may shed light on the tectonic and thermal 
history of these basins as well as the formation of two of Australia’s more prominent energy 
resources. 
A complementary high-resolution geochronological study by Middleton et al. 
(2014) identified three periods of significant fluid flow that differentially affected regions of 
the Warburton–Cooper basins. These data show that, while episodic Cretaceous (128–86 Ma) 
fluid flow events were restricted to the Nappamerri Trough, Carboniferous (323.3 ± 9.4 Ma) 
and Jurassic (201.7 ± 9.3 Ma) events were basin-wide and hence, are still recorded in the 
structurally high Gidgealpa–Merrimelia–Innamincka Ridge. In this paper we interpret a 
combination of trace element, stable isotope and clay mineralogical data and aim to constrain 
the physico-chemical conditions during tectonically-derived fluid flow. By building on 
previous geochronological (Middleton et al., 2014) and structural data (Apak et al., 1995; 
Apak et al., 1997; Sun, 1997; Mavromatidis, 2008), this work attempts to reconstruct the 
thermal and fluid flow history of one of the world’s more enigmatic sedimentary basins. 
 
 
2. GEOLOGICAL SETTING 
 
  
The stacked Warburton–Cooper–Eromanga basins extend from south-east 
Queensland ca. 700 km into north-west South Australia (Fig. 1a) and comprise the early 
Palaeozoic Warburton Basin, unconformably overlain by the Permian-Carboniferous Cooper 
and Late Triassic-Cretaceous Eromanga basins. The Warburton Basin is interpreted to have 
formed in a back-arc basin setting to the west of the Mt. Wright arc, implying the presence of 
westward subduction (Roberts et al., 1990). The Cambrian, bimodal Mooracoochie 
Volcanics, including the “Jena basalt”, form the base of the Warburton Basin and are 
unconformably overlain by mid-upper Cambrian shales and carbonates and Ordovician 
siltstones and shales (Gatehouse, 1986; Meixner et al., 1999). The Warburton Basin 
succession is intruded by the Big Lake Suite (BLS) A-type granite (Marshall, 2014) that has 
been attributed to the Alice Springs Orogeny (Sun, 1997) and dated at 298 ± 4 and 323 ± 5 
Ma (preferred SHRIMP ages) from the western (Moomba 1) and eastern (McLeod 1) cupolas, 
respectively (Gatehouse et al., 1995). The BLS has two predominant cupolas that comprise 
the “Moomba High” and are bounded by normal faults (Apak et al., 1995).These cupolas 
(Fig. 1b) are unusually enriched in HPE: K, Th and U. The origin of enrichment is currently 
unknown, but has lead to substantial research and attempts to utilise the BLS for an enhanced 
geothermal system (Chopra and Wyborn, 2003). Enhanced geothermal systems work by 
injection of cool water down an injection well where it is heated by the fractured, surrounding 
country-rock. Heated water then flows, under pressure, up production wells where heat is 
extracted for the production of electricity, as seen at the Soultz-sous-Forêts geothermal 
project, France (Gerard, 2006).  
Unconformably overlying the Warburton Basin and BLS granite are the 
Cooper and Eromanga basins that are arguably considered to be intra-continental, sag basins 
(Apak et al., 1997; Cook et al., 2013). Prior to the onset of deposition of Cooper Basin 
sediments, the BLS experienced uplift and erosion, shedding U and Th-enriched sediment 
  
that would later comprise the “Tirrawarra conglomerate” (Meixner et al., 1999).  The Cooper 
Basin developed structurally by the reactivation of previous faults until a period of tectonic 
quiescence. During this time, the Gidgealpa (late Carboniferous–late Permian) and 
Nappamerri (late Permian–late Triassic) Groups were deposited (Alexander, 1998). These 
groups are further subdivided into the coal-bearing Tirrawarra, Patchawarra, ‘Moomba’ and 
Toolachee Formations, and the Arrabury and Tinchoo Formations, respectively. Sediments 
include a complicated mix of sandstones, siltstones, diamictites, conglomeratic mudstones 
and shale (Alexander, 1998). The Gidgealpa–Merrimelia–Innamincka (GMI) Ridge is the 
most prominent NE–SW trending anticlinal thrust structure that is interpreted as Late 
Carboniferous, and divides the Patchawarra and Nappamerri synclinal troughs of the Cooper 
Basin (Sun, 1997; and references therein). Sediment thickness in the Patchawarra Trough is 
less than half that seen in the Nappamerri Trough, due to its topographic height (Gravestock 
and Jensen-Schmidt, 1998). Sedimentation then ceased due to apparent northeast-southwest 
compression, resulting in basin-wide exhumation and formation of the Nappamerri 
Unconformity (Thornton, 1979; Kuang, 1985). Subsequent subsidence and sedimentation of 
the Eromanga Basin deposited near uniform, Late Triassic to Cretaceous fluvial-lacustrine 
and shallow marine sediments until exhumation at the Upper Cretaceous–Palaeogene 
boundary. The following 90 Myr are characterised by minimal sedimentation and multiple 
periods of exhumation (Mavromatidis, 2006; Mavromatidis, 2008). 
 
 
3. SAMPLING AND ANALYTICAL PROCEDURES 
 
3.1. Sampling 
 
  
Granitic and sedimentary rock samples were collected from multiple drill 
holes along the GMI Ridge and within the Nappamerri Trough (Fig. 1). Twelve samples were 
taken from Warburton Basin sediments along the GMI Ridge (Gidgealpa 1, Merrimelia 1 – 3, 
Tirrawarra 1, 7 and 10 and Wantana 1). A further 21 samples were taken from Warburton and 
Cooper basin sediments and the BLS granite of the Nappamerri Trough (Moomba 1, 2, 7 and 
72, Big Lake 1 and 57 and McLeod 1). As samples were collected from both Warburton and 
Cooper Basin stratigraphy, they will be collectively referred to as Nappamerri Tough or GMI 
Ridge samples throughout the paper. If referring to samples from an entire drill hole., the drill 
hole name will be given with no specific depth,  for example Moomba 72. If a specific 
sample and depth is referred to then the full sample name will be provided, for example 
BL1_3057. Three whole-rock granite samples were also included for trace element 
comparison purposes. 
 
3.2. Microscopy and X-ray diffraction  
 
Thin section studies on whole-rock samples utilised a combination of optical 
and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM–EDS). 
SEM–EDS analysis used the JEOL JXA-8500F (Hyperprobe) at the Deutsches 
GeoForschungsZentrum (GFZ) in Potsdam, Germany. Further petrographic analyses involved 
XRD analysis of whole-rock samples and clay separates (<2 µm). The XRD analyses were 
carried out on a Bruker Advance MK III X-Ray diffractometer with Bragg-Brentano 
geometry and CuKα radiation, operated at 40 kV and 30 mA at a scanning rate of 1 min/step 
and 0.05°/step. The samples were prepared for separation of the clay fraction by gently 
crushing the rocks to sand size, followed by disaggregation in distilled water using an 
ultrasonic bath. To ensure no detrital contamination, samples were centrifugally separated for 
  
different size fractions and analysed with XRD using the above parameters. Samples showing 
evidence of contamination were either excluded from analysis or separated to finer micron 
fractions. Following XRD analysis of air-dried samples, the oriented clay-aggregate mounts 
were placed in an ethylene–glycol atmosphere at 30–40 °C overnight prior to additional XRD 
analysis. To determine illite content in illite–smectite mixed-layer clays, the method of 
differential two-theta (°∆2θ) was used. This technique utilises the angular difference (°∆2θ) 
between 001/002 and 002/003 peaks for ethylene-glycolated samples and estimates illite 
percentage with an analytical error of ±5%. A more detailed review of this method can be in 
found in Moore and Reynolds (1997).  
 
3.3. Oxygen and hydrogen stable isotopes 
 
Illitic clay minerals were analysed for their stable isotope (δ18O and δD) 
compositions. Oxygen was extracted from illitic clays for isotope analyses using a CO2-laser 
and BrF5 (Sharp, 1990). Oxygen isotope values are reported in per mil relative to V-SMOW 
and normalised to the international quartz standard (NBS-28) using a value of 9.6‰. 
Replicate values for NBS-28 quartz (n = 6) analysed with the samples had values that varied 
by less than 0.2‰. UWG-2 garnet standard was run as an unknown and had a value of 5.8‰ 
with a variation of <0.1‰ per sample batch. Samples and standards were heated overnight in 
a muffle furnace to 170 °C prior to loading into the vacuum extraction line to remove any 
adsorbed water. The samples were then evacuated for approximately 6 hours and left 
overnight in a vapour of BrF5. Blank BrF5 was run until the yield was less than 0.1 micro 
moles oxygen. Oxygen was passed through a fluorine getter (in-line Hg diffusion pump) and 
converted to CO2 by a graphite furnace; yields were recorded and CO2 analysed on a Geo20–
20 mass spectrometer at the GNS Laboratory, New Zealand. Hydrogen isotope analysis of 
  
clays was similarly conducted at the GNS Laboratory using a HEKAtech high temperature 
elemental analyser coupled with a GV Instruments IsoPrime mass spectrometer. All samples 
were placed in 100°C vacuum dessicator overnight before being weighted into silver 
capsules. Samples were then kept in a 120°C oven for a further 24 hours before being 
immediately transferred to a Costec zero blank auto-sampler while still hot. The auto-sampler 
is flushed with helium and left for 3–4 hours before samples are pyrolyzed at 1450°C and 
analysed in triplicate. Results are calibrated to international standards Hexatriacontane, 
Methyl Ecosanate, NBS22, IAEA–CH–7 and Cumarine, with reported δD values of –
246.7‰, –187‰, –118‰, –100‰, and 82.3‰ respectively. NBS-30 biotite standard was run 
as an unknown and had a reported δD value of –66‰. All hydrogen isotope ratios are 
reported in per mil relative to V–SMOW and have an analytical uncertainty of ±2‰ (1σ). 
 
3.4. ICP–MS 
 
As this work follows on from Rb–Sr geochronology described in Middleton et 
al. (2014), all previously separated untreated, leachate and acid-leached residue aliquots were 
also analysed for trace elements. Illitic clay separates were leached for 15 min at room 
temperature in 1 N distilled HCl (Clauer et al., 1993). Leachate and residue were separated by 
centrifuging. The residue was rinsed repeatedly with milli-Q water, dried and reweighed. 
Separates were dissolved with a mixture of HF and nitric acids on a hotplate, then evaporated 
to dryness, refluxed twice with nitric acid and dissolved in 2 N nitric acid. Aliquots of the 
solutions were spiked with internal standards, diluted and analysed for trace elements on a 
Thermo X-series 1 quadrupole inductively coupled plasma mass spectrometer (ICP-MS) in 
the Radiogenic Isotope Laboratory at the University of Queensland (RIF, UQ). Whole-rock 
samples were dissolved using HF + HNO3 in Teflon beakers on a hot plate. The dissolved 
  
samples were converted to nitrates and spiked with a multi-element internal standard solution 
(6Li, 61Ni, 103Rh, 115In, 187Re, 209Bi and 235U) in 2% HNO3. Sample preparation and analytical 
procedures used were similar to those of Eggins et al. (1997), except that Tm was not used as 
an internal standard and duplicate low-pressure digestions of W-2, a US Geological Survey 
diabase standard, were used as the calibration standard. BIR-1, AGV1, AGV2 and G2 were 
run as unknowns. The 156CeO/140Ce ratio for the run was 0.016. Long-term precision (RSD) 
was based on duplicate analyses of the duplicate digestions of AGV1, whilst precision for the 
run was based on five duplicate analyses of W-2, which were better than 3% for most 
elements, except for Li, Zn, Mo, Cd, and Cs that ranged between 5% (Li, Cd and Cs) and 
15% (Zn). 
 
 
4. RESULTS 
 
4.1. Clay mineralogy 
 
4.1.1. Nappamerri Trough 
 
Two different types of illite–smectite were identified from the Nappamerri 
Trough. All granite and most sediment-hosted illites are characterised by 001 peaks of ~10 Å 
and show minimal to no shift of peaks upon ethylene glycolation. This indicates >95% illite 
typical of R ≥ 3 Reichweite-type with long-range ordering. The remaining sediment-hosted 
illite–smectite (BL57_ 1748.94) show shifts in the 001 peak from 9.7–9.6 Å after glycolation, 
with a broad shoulder from 11–12 Å. Such XRD patterns reflect illite–smectite with 80–90% 
illite on the border of short-range and long-range ordering (R = 1 – R ≥ 3; Reynolds and 
  
Hower, 1970; Moore and Reynolds, 1997). Samples from the Nappamerri Trough show a 
wide range of illite crystallinity values (IC values) from 0.38 to 1.12 with median of 0.58. IC 
values do not show a systematic decrease with depth but rather irregular distribution, which is 
atypical of sedimentary basins where a systematic decrease with depth is normally attributed 
to incremental temperature increase (Fig. 2; Perry and Hower, 1970; Merriman and Frey, 
1999). A full list of IC values clay separates are reported in Table 1.  
 
4.1.2. GMI Ridge 
 
The 001 peak of the majority of illite–smectite samples from the GMI Ridge 
shows minimal change in symmetry and position following ethylene glycolation and thus 
represents long-range ordered illite (>95% illite; R ≥ 3). Clay fractions from Mer1_3144, 
however, have XRD patterns with a broad shoulder from 11–12 Å following ethylene 
glycolation and are likewise attributed to illite–smectite with 80–90% illite (R = 1–R ≥ 3). IC 
values from the GMI Ridge show a narrower range from 0.55 to 0.95, with a higher median 
value of 0.63 than that of Nappamerri Trough illites. Likewise, IC values of the GMI Ridge 
also show non-linear scatter with depth with no systematic distribution (Fig. 2). 
 
4.2. Petrography  
 
4.2.1. Granite 
 
In thin section, the majority of granite samples examined show intense illitic 
alteration resulting in almost complete replacement of feldspars and primary mica, 
representing ≥ 50% of the whole-rock (Fig. 3a). Some accessory phases (identified with 
  
SEM–EDS) similarly show intense alteration, as seen from varying replacement of primary 
zircon [ZrSiO4]. These replacement textures commonly contain xenotime [HREEPO4], + 
thorite [ThSiO4] along partially metasomatised rims in illite-altered samples. Or as almost 
completely altered anhedral to subhedral zircon remnants intergrown with xenotime + thorite 
± bastnaesite (Fig. 3b; [LREE(CO3)F]) in fluorite- and illite-altered samples. Samples with 
pervasive alteration also exhibit illite as anastomosing veinlets commonly associated with 
hydrothermal Th-rich colloform bastnaesite, as identified with EDS (Fig. 3c). Analysis of 
highly altered samples with FEG–SEM reveals two generations of illite recognisable by grain 
size and morphology. One generation is distinguished by large (up to 100 µm), lath-shaped 
crystals with convoluted compositional zonation. A cross-cutting generation, however, shows 
no identifiable chemical zonation and forms fine needle-like grains (Fig. 4a & b; 1–2 µm). 
Other alteration products include ankerite–siderite (confirmed by XRD) rimmed by 
akaganeite [Fe(OH,Cl)] intergrown with tabular bastnaesite and fluorite. Quartz is found as 
primary subhedral and microcrystalline grains. The deepest sample (McL1_3749.1) shows 
less intense alteration of primary feldspars and mica, with no evidence of illite veining. 
Isolated examples of euhedral monazite [LREEPO4] and coffinite [U(SiO4)x(OH)4x] are also 
found in the least altered samples and likely represent primary mineral species. 
 
4.2.2. Sediments 
 
Sampled Warburton and Cooper Basin sediments (siltstone–sandstone) consist 
of undulose quartz, altered feldspar (orthoclase and plagioclase), carbonate phases 
(commonly ankerite, identified by XRD), illite–smectite, microcrystalline quartz, detrital 
mica, detrital zircon and dispersed organic particles in thin section. The majority of sediment-
  
hosted illite–smectite occurs as alteration products from the replacement of feldspars and 
mica or as minor grain-coatings. 
 
 
4.3. Stable isotope chemistry and palaeotemperature estimations 
 
4.3.1. Nappamerri Trough 
 
Estimated fluid isotopic values were calculated using appropriate mineral–
fluid fractionation equations assuming isotopic equilibrium during mineral precipitation 
(Yeh, 1980; Sheppard and Gilg, 1996). A full list of stable isotope data for illite samples is 
presented in Table 1. Estimated fluid isotopic values were calculated using 
palaeotemperatures acquired from previous vitrinite reflectance data (VR; Kantsler et al., 
1978). Vitrinite reflectance data is commonly used to determine coal “rank” (Uysal et al. 
1999). Rank expresses organic maturation, due to increases in temperature, and acts as a 
reliable geothermometer because of its resistance to retrograde metamorphism (Teichmüller 
and Teichmüller, 1986; Wolf, 1988). Maximum reflectance measurements (Romax) are 
obtained from embedded samples in a standardised oil immersion and calibrated against 
Australian reflectance standards. Romax values were interpolated and extrapolated from 
reflectance/depth profiles of Kantsler et al. (1978) and converted to random reflectance (Ro) 
using the equation of Ting (1978). Palaeotemperature estimates were calculated using the 
time-independent method of Barker and Pawlewic (1986) and have an error of ±20 °C. This 
method was chosen due to the limited influence of heating duration on thermal maxima 
recorded by organic material (Barker and Pawlewicz, 1986). Palaeotemperatures for granite-
hosted illites were estimated using vitrinite reflectance data of sediments at stratigraphically 
  
equivalent depths. An interpolated palaeogeothermal gradient of ~100 °Ckm–1 is obtained if 
estimated palaeotemperatures are plotted against depth (Fig. 5).  
Most granite-hosted illites have δ18O values from 1.2 to 2.7‰, while δ18O 
values of almost all sediment-hosted clay minerals range from 4.9 to 9.7‰. One granite-
hosted sample from the Big Lake 1 drill hole does, however, have an anomalously negative 
δ
18O value of –1.8‰. Most granite- and sediment-hosted samples exhibit δD values ranging 
from –110 to –83‰ and –121 to –86‰, respectively. Using oxygen and hydrogen isotope 
fractionation equations (Yeh, 1980; Sheppard and Gilg, 1996), we calculated fluid isotopic 
values for illitic clays. Granite-hosted samples vary from –5.6 to –0.2‰ for δ18O and –115 to 
–74‰ for δD, whereas sediments-hosted samples give values of –5.3 to 4.2‰ and –105 to –
75‰, respectively. Palaeotemperature errors of 20 °C propagate to a mean error of ±8% for 
calculated fluid isotopic values.  
Two main populations (A and B) exist when all calculated δD and δ18O fluid 
isotopic values are plotted in a δD–δ18O diagram (Figure 6). These populations comprise 
stratigraphically shallower samples with average δD values of –86‰ (Pop. A) and deeper 
samples with more negative δD values (average = –112‰; Pop. B). An inverse relationship is 
evident when δDmineral or δDfluid are plotted against depth (Fig. 7). 
 
4.3.2. GMI Ridge 
 
Analyses of sediment-hosted illites from the GMI Ridge show a relatively 
narrow range in δ18O and δD values from 7.1 to 11.9‰ and –100 to –78‰, respectively. 
Calculated fluid isotopic values vary between –1.3 and 4.7‰ for δ18O and from –81 to –59‰ 
for δD. Palaeotemperature errors propagate to a mean error of ±10% for calculated δ18O and 
δD fluid isotopic values. The majority of samples exhibit a positive correlation between δD 
  
and δ18O, seen following the high latitudinal basin fluid projection (Fig. 8). Unlike the 
Nappamerri Trough, VR values from the GMI Ridge give a lower palaeogeothermal gradient 
of ~42 °Ckm–1, as seen in Figure 5. 
 
4.4. Trace element data 
 
4.4.1. Nappamerri Trough 
 
Trace element concentrations were measured for untreated, leachate and acid-leached residue 
aliquots of illite samples and whole-rock granite samples from the Nappamerri Trough for 
comparison purposes (Table 2). Upper continental crust-normalised (UCC) REE patterns of 
whole-rock and representative illite samples are presented in Figure 9 (Taylor and 
McLennan, 1985). UCC-normalised diagrams of granite-hosted, acid-leached residue mimic 
that of the whole-rock pattern presenting marginally LREE-rich to flat patterns with 
pronounced negative Eu-anomalies (Fig. 9a – c). Larger grain size fractions (< 2 and 1–2 µm) 
show minor enrichment in LREE to flat normalised patterns, whereas finer size fractions (< 1 
and < 0.5 µm) are relatively LREE depleted. Rare earth element patterns for residue separates 
that produced a ~86 Ma isochron (Middleton et al., 2014) are consistently marked by a 
prominent negative Ce-anomaly (Fig. 9b). Comparatively LREE-depleted patterns with little 
to no Ce-anomaly are produced for older untreated and leachate separates from the Moomba 
72 and Big Lake 1 drillholes (Fig. 9d), which define a ~94 Ma isochron (Middleton et al., 
2014). Thorium concentrations of residue separates are substantially higher than typical 
basinal illite (Rousset and Clauer, 2003) and account for ~50% of whole-rock Th, as seen in 
Table 2. An estimation of 50% is based on the observation that ≥ 50% of the granitic samples 
are altered to illite. UCC-normalised trace element diagrams similarly show acid-leached 
  
residue with comparable to elevated Th concentrations relative to unaltered granite (Fig. 9e). 
Additionally, leachate separates from Moomba 72 show distinctively higher concentrations of 
incompatible elements (e.g. Li, Be, Cr, Co, Ni and Pb) compared to leachates from other drill 
holes and unaltered granite. Middleton et al. (2014) noted that geologically significant ages 
were predominantly provided by isotopically resistant acid-leached residue aliquots. As such, 
only these will be considered in the following section to deduce prevailing physico-chemical 
conditions during hydrothermal events. Trace element concentrations of acid-leached residue 
are correlated with calculated fluid stable isotopic values. The δD values exhibit positive 
trends when plotted against Zr/Hf, Gd/Lu and Th concentrations of Nappamerri Trough illite 
(Fig. 10a – c). A positive relationship is also evident between Y/Ho and estimated 
palaeotemperature indicating dependency of trace element behaviour in hydrothermal fluids 
on temperature (Fig. 10d). Negative trends are evident when δ18O fluid isotopic values are 
plotted against ΣREE and Th (Fig. 10e and f).  
 
4.4.2. GMI Ridge 
 
Acid-leached residues from the GMI Ridge all show MREE-poor REE 
patterns with some presenting minor LREE enrichment (Fig. 11a). Leachates produce highly 
MREE-enriched patterns with marginal to prominent negative Eu-anomalies and minor 
negative Y-anomalies (Fig. 11b). To a lesser extent than that seen in the Nappamerri Trough, 
calculated fluid stable isotopic values of GMI Ridge acid-leached illite also correlate with 
trace element data, as seen from positive and negative correlations when plotting δ18O versus 
Y/Ho and δD versus La/Lu, respectively (Fig. 12a & b). A positive correlation is also seen 
between ΣREE and Gd/Lu (Fig. 12c). A full list of trace element data can be found in Table 
3. 
  
 
 
5. DISCUSSION 
 
5.1. Illite authigenesis and its correlation with vitrinite reflectance 
 
5.1.1. Nappamerri Trough 
 
The Nappamerri Trough (Fig. 1b) has experienced multiple relatively high 
temperature (>170 °C) fluid flow events, as seen from the wide distribution of long-range 
ordered illite (R ≥ 3) (Pollastro, 1993). This resulted in several generations of illite 
precipitation with lath (>100 µm) to needle-like (1–2 µm) morphologies that may reflect 
decreasing water/rock ratios, respectively (Fig.4a & b; Uysal et al., 2000b). Episodic fluid 
influx was also noted by Middleton et al. (2014) who reported isochron ages of ~128, ~94 
and ~86 Ma produced by 40Ar–39Ar, 87Rb–87Sr and 147Sm–143Nd dating of illite crystallites.  
Vitrinite reflectance is proven to record maximum temperature of 
palaeothermal events (Barker and Goldstein, 1990; Uysal et al., 2000a). In diagenetic 
environments where temperature and vitrinite reflectance increase with depth, illite 
crystallinity values and expandability similarly show proportional decrease with depth (Perry 
and Hower, 1970; Merriman and Frey, 1999; Środoń, 2009). Such correlations are not well 
developed in the Warburton–Cooper basin system, as seen from variable illite crystallinity 
values and atypically high palaeotemperatures based on VR data (Fig. 2). This is evident in 
the Nappamerri Trough, where VR values correspond to estimated palaeotemperatures 
between 225 °C (2453.5 m) and 295 °C (3012 m), well above temperatures indicated by the 
IC values of ~0.56 (~175 °C; Merriman and Frey, 1999). Such extreme estimated 
  
palaeotemperatures and associated palaeogeothermal gradient (Fig. 5; 100 °Ckm–1) may 
reflect emplacement of the Carboniferous granite and/or a sudden influx of hydrothermal 
fluids over a short time period (Uysal et al., 2000a). Thermal modelling by Deighton and Hill 
(1998) showed that Cooper Basin hydrocarbons experienced maturation–expulsion into the 
dry-gas zone during a thermal maximum between 100 and 85 Ma; however, the cause of this 
thermal event was unknown. Therefore, high VR estimated temperatures, independent of IC 
values, may derive from the episodic Cretaceous hydrothermal events dated by Middleton et 
al. (2014), possibly in combination with latent heat associated with the BLS granite.  
A similar variability of IC values with depth was seen in the Mt Isa Basin, 
Australia, and was attributed to factors in addition to temperature (Uysal et al., 2004; Golding 
et al., 2006). Other factors affecting illitisation, and resultant illite crystallinity, include 
potassium availability (Pearce et al., 1991), time (Hillier and Clayton, 1989) and water/rock 
ratio (Uysal et al., 2000a; Uysal et al., 2004). As IC values are associated with unusually high 
VR estimated palaeotemperatures, it is unlikely that illitisation occurred over a prolonged 
period and thus took place as a transient process (Uysal et al., 2000a and references therein). 
The irregular pattern of IC value increase with depth may, therefore, relate to variations in 
potassium supply and water/rock ratio. Granitic samples hosting illite-rich veins and 
pervasive illitic alteration, likely experienced high water/rock ratios with high potassium 
activities. Higher IC values (1.09; Mb1_2717.5 m) from some sediment-hosted samples, 
however, could reflect a reduced water/rock ratio (as seen from the δ18O isotopic record) that 
inhibited the supply of potassium required for illitisation. 
 
5.1.2. GMI Ridge 
 
  
Illite (R ≥ 3) from GMI Ridge sediments likely formed from alteration of 
detrital feldspars and micas during the Carboniferous (323.3 ± 9.4 Ma) and Late Triassic 
(201.7 ± 9.3 Ma) hydrothermal events reported by Middleton et al. (2014). These 
hydrothermal regimes were characterised by somewhat lower palaeotemperatures (~165–195 
°C) and significantly lower palaeogeothermal gradients (~42 °Ckm–1) compared to the 
Nappamerri Trough, as seen from Fig. 5. This could suggest that while elevated 
Carboniferous and Late Triassic thermal regimes affected the entire basin system, the 
Cretaceous thermal event was most significant in the Nappamerri Trough. Less intense 
thermal regimes are similarly reflected by the higher average IC value of 0.63 and IC values 
as low as 0.73 at depths of 3895 m on the GMI Ridge. Lower IC values normally compatible 
with higher temperatures are counter-intuitively found at shallower depths indicating 
authigenesis was controlled by factors in addition to temperature. 
Almost complete alteration of K-rich detrital phases (K-feldspar and mica) to 
illite–smectite and microcrystalline quartz is seen in thin section and indicates an active local 
supply of K+ available for illitisation. However, the paucity of these minerals within certain 
GMI Ridge sediments suggest the supply was locally limited and thus, decreased the rate of 
illitisation. The restricted distribution of illite in areas of selected alteration of K-rich detrital 
phases may further suggest a substantially lower water/rock ratio limiting the flux of K-rich 
fluids and causing a ‘lag’ in the rate of illitisation (Pearce et al., 1991). This implies that 
erratic variations in IC values along the GMI Ridge may stem from localised variations in 
water/rock ratio. 
 
5.2. Stable isotopes 
 
5.2.1. Nappamerri Trough 
  
 
Regardless of error from VR temperatures (±8%), calculated fluid values are 
consistent with illite precipitation from evolved high-latitudinal Cretaceous meteoric waters 
(Veevers, 1984). It is unlikely these values suffered post-formational isotopic exchange 
during younger fluid flow events. If this were the case, 40Ar–39Ar heating spectra for these 
samples would have shown disturbance and recorded chronologically meaningless data, 
which was not noted by Middleton et al. (see Figures 5–8; 2014). A typical J-shaped 
evolution away from the meteoric water line (MWL), shown by Scenario I (Figure 6), is 
unlikely. This would imply involvement of meteoric waters (~ δ18O = –16.5‰ and δD = –
120‰) with similar values to diagenetic fluids (~ δ18O = –17.5‰ and δD = –125‰) of the 
Otway and Gippsland basins of south Australia that were at substantially higher latitudes 
during the mid-Cretaceous (Gregory et al., 1989).  
The presence of two populations for Nappamerri fluid values (Scenario II; 
Figure 6) more likely results from an evolving meteoric fluid with a divergent trajectory away 
from Cretaceous meteoric water compositions (~ δ18O = –13‰ and δD = –90‰) (cf. Uysal et 
al., 2011b). Less negative fluid δD values shown by samples along the upturned trend 
(Population A) are compatible with isotopic exchange with hydrogen-rich minerals under low 
water/rock ratios (Fig. 6; Yardley et al., 1991; Uysal et al., 2000c). In contrast, a downturned 
isotopic trend to more negative fluid δD and somewhat more positive fluid δ18O values for 
population B may indicate a decoupling of the hydrogen and oxygen isotopic systems at 
depth (Fig. 6). The expulsion of hydrocarbons during the lower Cretaceous may offer an 
explanation, as organic material acts as a substantial source of isotopically light hydrogen 
(Ziegler et al., 1994; Polya et al., 2000).  
Previous studies have shown that hydrothermal interaction processes are 
efficient drivers of organic maturation during which H-exchange can occur between 
  
hydrocarbons and water via reversible equilibrium fractionation (Didyk and Simoneit, 1989; 
Simoneit, 1992; Schimmelmann et al., 2006; Reeves et al., 2012). More negative mineral and 
fluid δD values with depth may suggest that increasing fluid temperatures resulted in more 
intense alteration–maturation of organic matter. This would have contributed a larger 
proportion of D-depleted hydrogen to the fluid phase prior to the alteration of granite and 
precipitation of illite (Fig. 7; Ziegler et al., 1994; Girard et al., 2002). This suggestion is also 
compatible with widespread hydrocarbon maturation within the Cooper and Eromanga 
Basins, correlated with an anomalous thermal event in the Late Cretaceous (Deighton and 
Hill, 1998). Slightly more positive fluid δ18O values of population B with depth cannot 
realistically result from decreasing temperature, as vitrinite reflectance data show typical 
increasing palaeotemperatures with depth (Fig. 5; Kantsler et al., 1978). A possible scenario 
can be modelled using the integrated water/rock ratio equation of Taylor (1997): 
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A granite δ18O value of 10‰ was estimated from a range of similarly aged, S- 
and I-type granites from eastern New South Wales, Australia (O'Neil et al., 1977). An initial 
δ
18O fluid value of –12‰ was taken from authigenic illites of the Gunnedah Basin of similar 
age (84 and 96 Ma) and latitude (~30°S; Uysal et al., 2011b). Assuming negligible detrital 
phase contamination, a more plausible explanation is that more positive δ18O fluid values in 
the down-turned trajectory result from fluid-rock interaction with 18O-rich phases under 
lower water/rock ratios. This is evident in Figure 13 as authigenic illites transition to more 
positive δ18O values from environment AI to AII due to precipitation from higher temperature 
fluids under lower water/rock ratios. A pattern of more negative δD and more positive δ18O 
values with depth indicates isotopic exchange with hydrogen and oxygen from different 
reservoirs. Variations in hydrogen appear to reflect temperature-dependent fluid–rock 
interaction with organics, while variations in δ18O values are largely affected by varying 
water/rock ratios during interaction with silicate-rich rocks. 
Anomalously negative δ18O values in the Big Lake drill holes (Fig. 6) are 
likely due to fluid–rock interactions under considerably higher water/rock ratios (cf. Uysal et 
al., 2000c); as modelled in Figure 13 by comparison of environments AI and BI. Environment 
BI was only modelled at water/rock ratios just past unity as episodic thermal events have 
limited quantities of heat to drive hydrothermal convection (Taylor, 1997). More positive 
δ
18O values of some sediment-hosted clays are consistent with extensive oxygen isotopic 
exchange, under lower water/rock ratios, between lower temperature hydrothermal fluids and 
sedimentary assemblages, as seen in geothermal systems of extensional environments 
(Truesdell and Hulston, 1980).  
 
5.2.2. GMI Ridge 
 
  
Calculated δ18O fluid isotopic values for GMI Ridge illitic clays are similar to 
those of formation waters of sedimentary basins (Clayton et al., 1966). A positive correlation 
between δ18O and δD tracks that of an evolved basinal fluid, of mid- to high-latitudinal 
meteoric origin, experiencing broad isotopic exchange with 18O-rich sediments away from the 
meteoric water line (Fig. 8). This explanation is consistent with south-west Queensland’s mid 
to high latitudinal position during the Late Triassic and Carboniferous (Veevers, 2004). 
Alternatively, a large 18O shift in fluid values away from the MWL may result from extensive 
oxygen isotopic exchange of hot meteoric waters with surrounding rocks; characteristic of 
open, geothermal systems (Truesdell and Hulston, 1980). Extrapolating to the MWL gives 
expected fluid values of approximately –75‰ (δD) and –11‰ (δ18O) that are consistent with 
Australia’s lower palaeolatitude in the Triassic (Veevers, 2004), compared to Cretaceous 
illite samples of the Nappamerri Trough. 
Samples with near uniform δD likely result from minimal isotopic exchange 
with anhydrous silicate minerals, allowing the hydrogen isotope composition of the fluid to 
dominate the hydrothermal system (Sheppard, 1986) Varying δ18O values, however, may 
result from localised variations in water/rock ratio, as seen from Nappamerri Trough illites 
(above). The least negative δD value, given by sample T7_3032, may originate from 
precipitation during fracture-guided fluid-flow under low water/rock ratio conditions 
permitting substantial isotopic exchange with hydrogen-rich minerals (Goldfarb et al., 1991; 
Yardley et al., 1991).  
 
5.3. Trace element data 
 
5.3.1. Nappamerri Trough 
 
  
Differential mobility of trace elements, such as REE, in hydrothermal 
solutions depends on parameters such as fluid composition and redox state (Wood, 1990; 
Bau, 1991). The presence of negative Ce-anomalies throughout UCC-normalised patterns 
from ~86 Ma residues of illites from the Nappamerri Trough is testament to this, and allows 
distinction from ~94 Ma residues without consistent Ce-anomalies (Fig. 9b) (Middleton et al., 
2014). Such anomalies can develop from a change in valency of Ce (Ce3+ to Ce4+) in 
oxidising conditions to form insoluble cerianite (CeO2) that will fractionate from the 
remaining, more mobile REE3+ (Bau, 1991; Bau and Möller, 1992; Uysal et al., 2011a). 
Leachates and untreated separates from Moomba 72 can similarly be differentiated by their 
anomalous UCC-normalised REE and trace element patterns (Fig. 9e). As Moomba 72 
residue samples are not anomalous, trace element composition for untreated separates must 
relate to the contribution from the leachable phases. Unusually low LREE concentrations 
may relate to precipitation of leachable phases from compositionally different fluids. 
Furthermore, as Moomba 72 leachates have unusually high concentrations of lithophile and 
siderophile elements (Li, Be, Cr, Co, Ni and Pb), hot evolved meteoric fluids may have 
interacted with alkaline mafic rocks prior to precipitation of leachable phases. Possible 
elemental sources include undiscovered mafic enclaves of the BLS granite or the Warburton 
Basin “Jena Basalt” that was interpreted to have a “within-plate” continental geochemical 
affinity (Boucher, 2003).  
Stable isotope results suggest more negative δD values with depth derive from 
a greater contribution of organic-derived hydrogen at higher temperatures. Therefore, positive 
correlations between Gd/Lu and δD may indicate temperature-dependent preferential 
mobilisation of lighter REE, typical of Cl, carbonate or fluorine-rich fluids (Luo and Byrne, 
2001; Luo and Byrne, 2004; William-Jones et al., 2012). The reason for the two populations 
seen in Figure 10b is not completely understood but may reflect mobilisation of REE by 
  
separate fluids through chemically distinctive rocks. The presence of hydrothermal fluorite 
indicates it is unlikely that REE were mobilised by fluoro-complexes. This results from the 
strong affinity of Ca2+ for F– buffering the concentration of ligands available for 
complexation in solution (Salvi and William-Jones, 1990; Salvi and William-Jones, 1996; 
Merriman and Frey, 1999). Rare earth elements were more likely mobilised via chlorine-
complexation, due to the occurrence of Cl-rich akageneite and the higher stability of Cl 
complexes over other mobilising ligands in hydrothermal systems (William-Jones et al., 
2012). Mobilisation by chlorine-complexation also accounts for the positive correlation seen 
between Y/Ho and estimated palaeotemperature (Fig. 10d). This is due to the higher stability 
complex of HoCl2–over YCl2– allowing the preferential mobilisation of Ho3+ at lower 
temperatures (Luo and Byrne, 2001). 
Well-defined negative correlations between δ18O and REE or Th may reflect 
the degree of alteration and changing water/rock ratio (Fig. 10e & f). These correlations can 
similarly be modelled by comparing hypothetical environments AI (REE-poor) and BI (REE-
rich) in Figure 13. Under lower water/rock ratios at point AI (1), the granite experienced less 
intense alteration, which resulted in lower concentrations of Th and REE being leached and 
incorporated into illites with less negative δ18O values (–1‰). However, by increasing the 
water/rock ratio (3) and degree of alteration (point BI) authigenic illite has more negative 
δ
18O values (–6‰) and higher concentrations of Th and REE were mobilised in solution. 
Granite samples in this study, which also experienced higher water/rock ratio alteration are 
characterised by relatively low illite δ18O values and pervasive illite formation that comprises 
~50% of altered rock mass. It should be noted that very altered granite samples 
(MB1_2857.4; Fig. 3a) contain the highest concentrations of Th, with illite accounting for 
~40–50% of the total budget, while the remaining Th likely resides predominantly in 
accessory phases, such as bastnaesite (Fig. 3c). Uranium concentrations are, however, similar 
  
in altered and unaltered samples. While it is not fully understood, this may suggest that U was 
relatively immobile due to reducing conditions or mineral-surface adsorption (Skirrow et al., 
2009). Thorium-enriched illite suggests that illitising hydrothermal fluids were able to leach 
and/or mobilise substantial concentrations of Th from elsewhere within the granitic body. 
Alternatively, as unaltered BLS granite hosts lower Th content than its altered counterpart, 
Th may have been mobilised from the surrounding country-rock. This seems likely as 
preceding uplift and glacial erosion of the granite lead to shedding of HPE-enriched detritus 
into surrounding lithologies, such as the “Tirrawarra Conglomerate” (Meixner et al., 1999). 
As such, episodic influxes of Cretaceous hydrothermal fluids carrying high concentrations of 
Th, could actively affect the budget of heat-producing elements in the BLS granite. This 
phenomenon is compatible with the work of Martin (2006), who suggested that unusually 
high concentrations of HFSE, REE and HPE in anorogenic granites relate to protracted 
interaction of fenitising hydrothermal fluids with the crust during magma emplacement.  
Samples with relatively depleted Th content are similarly coupled with the 
lowest δD values, attributed to interaction with isotopically light organic-rich material (Fig. 
10c; Polya et al., 2000). Correlations between Th and δD may simply reflect lower degrees of 
alteration and increasing thermal degradation of organics at systematically greater depths. 
This is also seen from positive correlations between Zr/Hf and δD, as more intense alteration 
will result in greater concentrations of Zr being liberated from Zr-bearing phases into solution 
(Fig. 10a). Variations in Zr/Hf ratios likely reflect fractionation of the geochemical twin pairs 
(Zr–Hf) from each other due to differences in aqueous chemical complexation and electron 
structure (Bau, 1996). 
 
5.3.2. GMI Ridge 
 
  
Illite samples associated with Late Triassic and Carboniferous events from the 
GMI Ridge are chemically differentiable from those formed during the Cretaceous in the 
Nappamerri Trough (Middleton et al., 2014). This is seen from the presence of MREE-
depleted UCC-normalised patterns of residue separates, whilst leachates present MREE-rich 
patterns with negative Eu- and Y-anomalies (Fig. 11a & b). Differing REE patterns for these 
separates may represent variable physico-chemical conditions during fluid-rock interaction 
associated with Carboniferous and Late Triassic thermal events for residues and leachates, 
respectively (Middleton et al., 2014). The pronounced negative Eu-anomaly may result from 
fluid-mineral interaction with Eu-depleted phases, such as muscovite, prior to precipitation of 
the leachable phase. Negative Y-anomalies could also suggest REE mobilisation by 
(bi)carbonate-rich hydrothermal solutions where Y acts as a light pseudolanthanide. The term 
“pseudolanthanide” refers to the ability of Y to act similarly to either light or HREE 
depending on fluid composition (Bau and Dulski, 1995).  
The GMI Ridge experienced a substantially different fluid flow regime 
compared to the Nappamerri Trough. This may reflect interaction of hydrothermal fluids with 
markedly different lithologies with less systematic variations in water/rock ratio and 
temperature. As such fewer correlations could be made between trace element concentrations 
and calculated fluid isotopic values. Moreover, identified correlations may indicate 
hydrothermal fluids in the GMI Ridge had differing chemistries, which differentially 
mobilised trace elements. The negative correlation between La/Lu and δD for residue 
separates may indicate preferential mobilisation of HREE in a cooling fluid experiencing 
minor isotopic exchange with hydrogen-bearing phases (Fig. 12c). This is similarly seen from 
a positive correlation between REE and Gd/Lu (Fig. 12b). This observation is compatible 
with preferential mobilisation of HREE in lower temperature, near neutral to basic fluids rich 
in fluorine or (bi)carbonate ligands (Bau and Dulski, 1995; Rolland et al., 2003; William-
  
Jones et al., 2012). Mobilisation of HREE by fluorine complexation rather than (bi)carbonate 
is consistent with a positive correlation between Y/Ho and δ18O, which results from Y acting 
as a heavy pseudolanthanide in progressively evolving/cooling F-rich fluids (Fig 12a). The 
abundance of such ligands may derive from mixing of deep-circulating evolved meteoric 
fluids with concurrent orthomagmatic fluids sourced during late Carboniferous emplacement 
of the Big Lake Suite granite (Gatehouse et al., 1995; Uysal et al., 2011b; Middleton et al., 
2014). 
 
5.4. Significance and implications of thermal and fluid flow history 
 
5.4.1. Nappamerri Trough 
 
Stable isotope and mineralogical data imply episodic influx of evolved 
meteoric water under variable water/rock ratio conditions, resulting in intense alteration of 
the BLS granite. This scenario is compatible with published evidence inferring an extensional 
tectonic environment in the mid Cretaceous (Deighton and Hill, 1998; Mavromatidis, 2008; 
Bryan et al., 2012; Cook et al., 2013) and consistent with previous Sm–Nd, Rb–Sr and Ar–Ar 
dating of illite separates (Middleton et al., 2014). Localised extensional tectonism stems from 
continent-wide transmission of tensional stress to thermally and mechanically weaker regions 
of the continental crust (Coblentz and Sandiford, 1994; Friedmann and Burbank, 1995; 
Armitage and Allen, 2010; Müller et al., 2012). Such stress originated from a >2500km long 
episodic rifting event that affected much of the Eastern Australian margin and is associated 
with formation of the Whitsundays Large Igneous Province (100 – 90 Ma; O'Sullivan et al., 
1995) as well as opening of the Tasman Sea (~84 Ma; Veevers et al., 1991). Rifting and 
related fluid flow produced an extremely high geothermal gradient (~100 °Ckm–1) that was 
  
restricted to the Nappamerri Trough with little or no affect on the structurally high GMI 
Ridge, which maintains Carboniferous and Late Triassic isotopic records (Middleton et al., 
2014). Similarly high palaeogeothermal gradients have been recorded in amagmatic 
continental rift settings of the Upper Rhine Graben, France (up to 120 °Ckm–1; Werner and 
Doebl, 1974) and Bowen Basin, Australia (up to 132 °Ckm–1; Uysal et al., 2000a) with the 
latter also being attributed to episodic convective heat transfer in hydrothermal conditions. 
An elevated Cretaceous thermal regime in conjunction with low δD values suggest high 
temperature interaction with organics and may offer a potential explanation for the 
maturation and expulsion of hydrocarbons that formed Australia’s largest on-shore petroleum 
reserves (Deighton and Hill, 1998; APPEA, 2003).  
Episodic fluid flow is also shown from trace element data as all samples 
plotting on a ~86 Ma isochron have discrete negative Ce-anomalies indicating an oxidising 
environment. In contrast, those forming ~94 Ma isochrons do not, implying different, more 
anoxic physico-chemical conditions during preceding hydrothermal circulation. Moreover, 
Middleton et al. (2014) also noted that the illites from the ~86 Ma event are predominantly 
found at shallower depths (~2850 m) implying that prior ~94 Ma fluid flow substantially 
reduced permeability at greater depths, and thus limited later fluid flow to more permeable, 
shallower fracture networks. Multiple Cretaceous fluid flow events also had profound effects 
on the heat-producing nature of the BLS granite and caused substantial hydrothermal 
enrichment in the heat-producing element Th.  
 
5.4.2. GMI Ridge 
 
Palaeotemperature data indicate the structurally high GMI Ridge experienced 
less intense thermal regimes with palaeogeothermal gradients of ~42 °Ckm–1, and was not 
  
affected by the Cretaceous event. This is compatible with previous geochronology that 
recorded only Carboniferous (323.3 ± 9.4 Ma) and Late Triassic (201.7 ± 9.3 Ma) ages 
(Middleton et al., 2014) from illite samples along the GMI Ridge. This is also shown from 
stable isotope data indicating the involvement of isotopically different hydrothermal fluids 
consistent with evolved basinal fluids of meteoric origin. An influx of basinal fluids in the 
Carboniferous marks the extension of the Warburton Basin, as seen from normal faulting 
along the “Moomba High” (Apak et al., 1995), and intrusion of the BLS granite dated at 323 
± 5 Ma (Gatehouse et al., 1995). A similar scenario was also postulated by McLaren et al. 
(2006) who saw disturbed 40Ar/39Ar results for K-feldspar from the BLS and attributed this to 
circulation of basinal fluids in an extensional setting. Localised thermal and tectonic 
perturbations may relate to widespread extensional tectonism that affected much of 
Queensland resulting in the formation of basinal depocentres (Van Heeswijck, 2010) and 
emplacement of multiple silicic igneous bodies in the Connors–Auburn Province (Allen et al., 
1998; Donchak et al., 2013). 
An elevated thermal regime in the Late Triassic similarly involved the ingress 
of basinal fluids of meteoric origin. Fluid flow most likely derived from an elevated thermal 
regime during formation of the Eromanga Basin (Mavromatidis, 2008). Such an event is 
coincident with extensional tectonism that affected large areas of eastern Queensland towards 
the end of the Triassic (Cook et al., 2013). This formed multiple, small fault-bounded 
sedimentary basins across the Bowen Basin (Fielding, 1996; Uysal et al., 2001) and was 
accompanied by large-scale silicic magmatism in the New England Fold Belt of south-east 
Queensland (Stephens, 1991). 
 
5.5. Implications for the formation of highly radioactive granites and influence on enhanced 
geothermal system exploration 
  
 
A-type or anorogenic granites can have especially high concentrations of heat-
producing elements if their parent melt derives from a metasomatised and previously 
enriched crustal source (Martin, 2006; Bea, 2012). Crustal enrichment results from multiple 
influxes of mantle-sourced, volatile-rich fluids. Such fluids can escape from a rising 
asthenospheric plume in an anorogenic setting, leach high-field strength elements and REE 
from the surrounding rock and enrich areas of the lower crust (Woolley, 1987; Martin, 2006).  
Vein and authigenic mineral phases sampled from the Warburton–Cooper–
Eromanga basins record multiple tectonic events that allowed hydrothermal fluid circulation 
(Middleton et al., 2014). Illite specifically records five events in the Carboniferous, Late 
Triassic and Cretaceous. The BLS granite is pervasively altered, with illite comprising ~50% 
of the rock mass. Trace element analyses of illite samples show that residue fractions have Th 
and U concentrations up to 93 ppm and 25 ppm, respectively. In some samples, illite 
contributes up to ~50% of the heat-producing nature of the granite. This implies that fluids 
capable of altering the granite were laden with radiogenic elements potentially leached from 
the surrounding country-rock and granite. The implications of this observation are two-fold. 
The first is that under certain hydrothermal conditions, Th is substantially more mobile than 
previously thought. The second is that episodic hydrothermal mobilisation of heat-producing 
elements may offer an alternative, metasomatic origin for the unusual enrichment of the BLS 
in radiogenic elements. Analysis of secondary mineral phases clearly offers a potential tool 
during exploration for enhanced geothermal systems. Conducting geochemical and 
geochronological analysis on authigenic illite can provide evidence for episodic fluid flow 
and whether fluids were capable of mobilising radiogenic elements. Therefore, if an 
anorogenic granite is highly altered and has experienced multiple periods of hydrothermal 
  
interaction with radiogenic element-rich fluids, it may represent a high-priority target for 
geothermal energy utilisation. 
 
 
6. CONCLUSIONS 
 
This study utilised mineralogical, trace element and stable isotopic analyses of 
authigenic illite to chemically differentiate successive hydrothermal events in the Warburton–
Cooper basins, previously dated by Middleton et al. (2014). Analyses of illites from the GMI 
Ridge, in conjunction with previous VR studies (Kantsler et al., 1978), record Carboniferous 
and Late Triassic thermal events (~42 °Ckm–1). These perturbations involved basinal fluids of 
evolved meteoric origin that interacted with the country rocks under low water/rock ratio 
conditions. Rare earth element studies further show that while the Late Triassic event had 
elemental distribution indicative of (bi)carbonate-rich solutions, the Carboniferous regime 
was characterised by fluorine-rich fluids that may derive from the involvement of 
orthomagmatic magmatic fluids. 
In contrast, samples from the Nappamerri Trough indicate episodic circulation 
of evolved meteoric waters under variable water/rock ratios and high geothermal gradients in 
the Cretaceous (~100 °Ckm–1). The influx of moderate-temperature hydrothermal fluids had a 
significant effect on the surrounding geology leading to the maturation–expulsion of 
hydrocarbons as well as a substantial enrichment of the BLS granite in Th. However, to fully 
understand the enrichment and mobility of heat-producing elements in this system, further 
research on primary granite chemistry and accessory phases is required. Our work, in tandem 
with previous geochronology (Middleton et al., 2014) provides additional temporal and 
chemical constraints on the formation of two of Australia’s more prolific energy resources. 
  
Furthermore, by combining mineralogical, chemical and previous chronological analyses 
(Middleton et al., 2014), this study provides the most comprehensive and holistic record of 
the thermal, tectonic and fluid flow evolution of one of the world’s more enigmatic basin 
systems. 
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 Figure Captions 
Figure 1.  
  
 (A) Location of the Warburton–Cooper–Eromanga Basin system in Australia. (B) Close-up 
view of sample area including locations of the Big Lake Suite granite plutons, drill-holes and 
the Gidgealpa (GR), Merrimelia (MR), Yanpurra (YR) and Innamincka (IR) ridge system. 
 
Figure 2.  
Depth versus illite crystallinity value . Samples show an irregular distribution with depth, an 
atypical characteristic of basin systems. 
 
Figure 3.  
Cross-polarised light photomicrograph of illite-rich alteration of Big Lake Suite granite 
replacing primary feldspars and micas (A), back-scatter electron (BSE) image of altered 
zircon (Zrn) intergrown with xenotime (Xtm) and thorite (Thr; B) and colloform Th-rich 
bastnaesite (Bas) intergrown with illite (Ill; C). 
 
Figure 4.  
BSE (A) and SE (B) photomicrographs of illite with lath-like and needle-like morphologies, 
respectively. 
 
Figure 5.  
Depth against VR estimated palaeotemperature for the Nappamerri Trough and Gidgealpa–
Merrimelia–Innamincka Ridge 
 
Figure 6.  
Calculated δD and δ18O fluid values in equilibrium with illite-rich clays from the Nappamerri 
Trough relative to Late Cretaceous meteoric water (cf. Uysal et al., 2011b). Scenario I models 
  
a potential J-shaped evolution of meteoric waters. Whereas scenario II assumes a divergent 
trajectory to form two distinct populations, labelled as A and B, which comprise 
stratigraphically shallower samples with average δD values of –86‰ (Pop. A) and deeper 
samples with more negative δD values (average = –112‰; Pop. B). 
 
Figure 7.  
Depth against δD mineral (square) and calculated δD fluid (triangle) values in equilibrium 
with illite sampled from the Nappamerri Trough. Samples BL57_1748.94 and MB1_2816.5 
were, however, excluded from the regression. 
 
Figure 8.  
Calculated δD fluid and δ18O values in equilibrium with illite-rich clays from the GMI Ridge 
compared to that of formation waters for high and low latitude basins (Clayton et al., 1966). 
Meteoric waters may have undergone extensive oxygen isotopic exchange characteristic of 
open, geothermal systems. 
 
Figure 9. 
 Upper continental crust-normalised (UCC) REE diagrams for unaltered and altered granite 
(A), ~86 Ma illites (B), ~94 Ma residue separates (C), ~94 Ma untreated–leachate separates 
(D) and UCC-normalised trace element diagram for selected leachate (Lch), residue (Res) 
and unaltered granite samples (E). 
 
 
Figure 10.  
  
Acid-leached residue separates from the Nappamerri Trough (~87 and ~100 Ma) exhibit 
positive correlations between calculated Zr/Hf, Gd/Lu and Th against δD fluid values (A – C) 
as well as estimated palaeotemperature and Y/Ho (D), and negative correlations between 
ΣREE and Th and calculated δ18O fluid values (E & F; excluding sediment samples). 
 
Figure 11.  
Upper continental crust-normalised (UCC) REE diagrams for residue (A) and leachate 
separates (B) from the GMI Ridge. 
 
Figure 12.  
Acid-leached residue separates from the GMI ridge (~323 Ma) exhibit positive correlations 
when plotting calculated Y/Ho versus δ18O fluid values ,and Gd/Lu versus ΣREE (A & B) but 
give inverse correlations for calculated δD fluid values versus La/Lu (C). 
 
 Figure 13.  
Calculated δ18O illite values of an altered granitic rock versus model water/rock ratios for an 
open system. Calculations assumed initial δirock δ18O values of 10‰ (O’Neill et al., 1977) and 
δ
i
water δ
18O values of –12‰ (Uysal et al., 2011b). This plot shows that authigenic illite in 
environment AII will have higher δ18O values compared to those in AI due to decreasing 
water/rock ratios. However, if illites precipitate under higher water/rock ratios (BI) they will 
have more negative δ18O values compared to AI. 
 
Table 1. Illite cystallinity values,  vitrinite reflectance (VR) estimated 
palaeotemperatures and oxygen–hydrogen data for clays. Calculated δ18O and 
δD values use VR estimated palaeotemperatures. 
Sample Grai
n 
Illite 
crystallini
VR estimated 
palaeotemperat
Miner
al 
Miner
al δD 
Wate
r 
Wate
r δD 
  
Size ty value ure δ18O δ18O 
Nappamer
ri Trough 
             
BL57 
1748.94  
<0.5 1.12 140 5.0 -101 -5.3 -78 
BL1 
3057.3  
2-
0.5 
0.61 290 -1.8 -110 -5.6 -100 
MB1 
2816.5  
2-
0.5 
0.70 275 8.5 -116 4.2 -105 
MB1 
2847.75 
 2-
0.5 
0.58 280 1.6 -98 -2.5 -87 
MB1 
2851.0  
2-
0.5 
0.47 280 2.5 -99 -1.6 -88 
MB1 
2851.9 
 2-
0.5 
0.57 280 2.1 -102 -2.0 -91 
MB1 
2857.4 - 
A 
2-
0.5 
0.57 280 2.7 -101 -1.4 -90 
MB2 
2717.5  
<0.5 1.09 265 5.0 -86 0.5 -75 
MB7 
2453.5 
 2-
0.5 
0.56 225 9.7 -90 3.9 -76 
McL1 
3575.5  
2-
0.5 
0.83 335 2.3 -119 -0.4 -112 
McL1 
3593.2 
 
<0.5 
0.59 335 2.6 -117 -0.1 -110 
McL1 
3749.1 
 2-
0.5 
0.38 350 1.7 -121 -0.6 -115 
MB72 
2999.6  
<2 0.59 290 2.2 -96 -1.6 -86 
MB72 
3000.5  
<2 0.57 290 1.9 -92 -1.9 -82 
MB72 
3003.2  
<2 0.59 290 1.9 -98 -1.9 -88 
MB72 
3005 
 <2 0.58 290 2.2 -98 -1.6 -88 
MB72 
3008.6  
<2 0.58 295 2.1 -100 -1.5 -90 
MB_72 _ 
3009.9  
 <1 0.56 295 1.2 -99 -2.4 -89 
MB_72 _ 
3011.1 
 1-2 0.58 295 1.5 -91 -2.1 -81 
  
MB_72 
_3012 
<1 0.56 295 1.8 -83 -1.8 -74 
GMI 
Ridge 
             
T1 2933.9  2-
0.5 
0.55 170 7.8 -100 -0.6 -81 
T7 3032.3  2-
0.5 
0.63 170 7.4 -92 -1.0 -73 
T7 3032.3  
<0.5 
0.63 170 7.1 -78 -1.3 -59 
T10 
3005.2 
 2-
0.5 
0.68 170 7.1 -91 -1.3 -72 
Mer2-
2541.7 
<2 0.61 160 11.0 -91 2.1 -71 
Mer2-
2617.35 
<0.5 0.73 165 11.6 -88 3.0 -68 
Mer2-
2653.4 
<0.5 0.74 165 11.8 -89 3.2 -70 
Mer2-
3895 
<0.5 0.73 195 11.9 -94 4.7 -77 
Mer1-
3144.5 
<2 0.83 175 10.7 -99 2.5 -80 
Mer1-
3039.5 
2-1 0.95 170 11.7 -88 3.3 -69 
Mer1-
3039.5 
1-
0.5 
- 170 10.6 -93 2.2 -73 
Mer3-
2589.2 
1-
0.5 
0.56 160 9.5 -91 0.6 -71 
Gil1-
3843.5 
1-
0.5 
0.61 195 8.7 -92 1.5 -75 
W1 
2936.0  
2-
0.5 
0.55 170 9.6 -96 1.2 -77 
W1 2936  
<0.5 
0.55 170 8.6 -95 0.2 -76 
 
 
Table 2. Trace element data for whole-rock and illite from the 
Nappamerri Tough. 
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Table 3. Trace element data for illite from the GMI Ridge. 
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